TSPY encodes the testis-specific protein Y-linked. In man, expression of TSPY is restricted to the testis, where TSPY is expressed in spermatogonia, primary spermatocytes, and round spermatids, and to the prostate gland. There is circumstantial evidence that TSPY is involved in spermatogonial proliferation and gonadal tumorigenesis. Because the laboratory mouse carries the Tspy gene in a naturally silenced state (Tspy-ps), we previously restored TSPY activity in mice and generated a TSPY transgenic mouse line in which the organization and expression of the human TSPY transgene follow the human pattern. In the present study, we generated TSPY transgenic KIT-deficient Kit 
/Kit
W-v mice and analyzed the histology of the testes and epididymides in order to contribute to understanding TSPY function in early germ cell development and spermatogenesis. The KIT receptor and its ligand KITL, previously called stem cell factor, have an indispensable role in hematopoiesis, melanogenesis, and gametogenesis. Homozygous Kit W-v mutant male mice on a C57BL/6J background with a mutation in the Kit gene are infertile due to an almost total loss of germ cells in the testes. In this study, histological analyses of testes and epididymides showed an increased number of meiotic and postmeiotic germ cells in Kit 
INTRODUCTION
The human TSPY (testis-specific protein Y-linked) gene family is located within the male-specific region of the Y chromosome and is expressed in fetal gonocytes and prespermatogonia, in neonatal prespermatogonia, and in spermatogonia, primary spermatocytes, and round spermatids in the adult testis [1] [2] [3] [4] . Strong TSPY expression in human testicular germ cell tumors and their precursor stages, as well as its expression in prostate cancers, male intracranial germ cell tumors, and melanoma and hepatocellular carcinoma of male origin, suggests a putative oncogenic role of TSPY on gonadal and somatic tumorigenesis [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] . The topology and timing of TSPY testicular expression, as well as its homology to members of the TSPY/TSPY-like/SET/NAP-1 (TTSN) protein family, point to a biological function of TSPY in germ cell proliferation and/or meiotic division [2, 14, 15] . Members of the TTSN family share a highly conserved SET/NAP domain that has been shown to bind type B cyclins, which are important regulators of mitotic and meiotic divisions [16] [17] [18] . Recently, it was shown that TSPY promotes phosphorylation activities of the activated cyclin B1-CDK1 complex and thereby accelerates the progression through G2/M stage of the cell cycle in vitro and in vivo in transiently transfected human HEK293 cells [14] . In addition, eukaryotic translation elongation factor 1A (EEF1A), which is essential for the elongation phase during protein translation, has been identified as a binding partner for TSPY using the yeast two-hybrid method [19] . The findings of the latter study further suggest that TSPY exerts progrowth functions by stimulating gene transcription and protein translation by interaction with EEF1A.
Since 1987, after the TSPY gene was first characterized in man [20] , orthologous gene families have subsequently been discovered in many other placental lineages [21] [22] [23] [24] [25] [26] [27] . While TSPY is functionally conserved and organized in multiple copies in primates, the situation in rodents is more peculiar. While Tspy1 is still functional and organized in two copies in the rat [25, 26] , species of the subgenus Mus (as in the laboratory mouse) harbor only a single-copy Tspy pseudogene that is unable to generate a functional transcript [27] .
We have previously restored TSPY activity in a TSPY transgenic NMRI mouse line (Tg(TSPY)9Jshm), which carries a human TSPY transgene in approximately 50 copies on the mouse Y chromosome and shows an expression pattern of the human TSPY transgene that almost mimics the human situation [28] . In the present study, we generated TSPY transgenic KITdeficient B6;NMRI-Kit W-v /Kit W-v mice and B6;NMRI-Kit W-v / Kit W-v males as controls in order to elucidate TSPY function in fetal and postnatal germ cell development.
MATERIALS AND METHODS

Animals
Research animals were treated according to the International Guiding Principles for Biomedical Research Involving Animals and the German Animal Welfare Law. All procedures were authorized by the local authorities. Animals were kept in the Central Animal Laboratories of the Hannover Medical School and the University of Göttingen in groups of three to four per cage in rooms with a controlled cycle of 12L:12D, 21 6 18C room temperature, and free access to water and pellet food. The C57BL/6J-Kit W-v /J stock was derived from The Jackson Laboratory (000049; Bar Harbor, ME). Males of the TSPY transgenic line Tg(TSPY)9Jshm [28] 
Genotyping of Animals
Polymerase chain reaction was performed for animal genotyping. DNA was extracted using the phenol-chloroform method by Hogan et al. [29] . The PCR was performed with 100 ng of genomic DNA, 10 pmol of primer, and 1 U of Taq DNA polymerase (Qiagen, Hilden, Germany) in a 30-ll reaction volume. For genotyping of Kit W-v /Kit W-v animals, Kit-specific primers Kit-F (5 0 -AAAGAGAGGCCCTAATGTCG-3 0 ) and Kit-R (5 0 -ACACGGCTT TACCTCCCACC-3 0 ) were used to amplify a 105-bp PCR product containing the mutation site. The PCR consisted of an initial denaturation step at 948C for 5 min, followed by 39 cycles of denaturation at 948C for 30 sec, annealing at 498C for 30 sec, and elongation at 728C for 30 sec, followed by a final elongation step at 728C for 10 min (T3000 Thermocyler; Biometra, Göttingen, Germany). The Kit mutation g.C2007T generates a recognition site for the restriction enzyme NsiI, which cuts the PCR product into fragments of 85 and 20 bp. After restriction, the PCR product was separated by gel electrophoresis using a gel containing 3% NuSieve agarose (FMC BioProducts, Rockland, ME) and 1% SeaKem agarose (FMC BioProducts) in 13 
RNA Isolation, RT-PCR, and Product Cloning
Total RNA was extracted from testes of a 2-mo-old B6;NMRI-Kit
Tg(TSPY) mouse using the RNeasy Protect Midi Kit (Qiagen) according to the manufacturer's recommendations. A total of 1.5 lg of testicular total RNA was used for cDNA synthesis (First Strand Synthesis Kit; Amersham Pharmacia Biotech, Freiburg, Germany), and cDNA synthesis was performed in accord with the manufacturer's instructions. Total testicular RNA (1.5 lg) was reverse transcribed in a volume of 15 ll, and 2.5 ll of the reverse transcribed products was used as a template for PCR amplifications. The human TSPY primers TDGEX-2.3 (CTGGAAGCCCGGCGCATGCGCCCTGAGGGCTCGC) and TD-2.2 (AATCTGATGCTCCATCATATTCAACTC), which span the complete open reading frame of human TSPY (exons 1-6), were used for the amplification of a 962-bp TSPY full-length transcript. The integrity of the testicular RNA was checked by amplification of a mouse Gapdh transcript with the Gapdh-F (GAAGCTTGTCATCAACGGGAAGCCC) and Gapdh-R (GCATCGAAGGTGGAAGAGTGGGAGT) primers.
The RT-PCR-amplified products were cloned using the TOPO TA Cloning Kit Dual Promoter with the pCRII-TOPO plasmid (Invitrogen, San Diego, CA).
DNA Sequencing
Sequencing of recombinant plasmids and RT-PCR products was performed with the ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems, Vaterstetten, Germany). The ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems) was used.
Histological Analyses of Testes and Epididymides
Testes and epididymides of B6;NMRI-Kit W-v /Kit W-v Tg(TSPY) and B6;NMRI-Kit
W-v males of several ages (age range, 5 wk to 8 mo) were fixed in 4% paraformaldehyde solution or in Bouin fixative and embedded in paraffin (Roti-Plast; Carl Roth, Karlsruhe, Germany) or Technovit (Heraeus Kulzer, Hanau, Germany). From each animal, both testes and epididymides were analyzed histologically. Sections of 3 lm were stained with hematoxylineosin. For each animal, six different section levels of both testes and epididymides were stained, and in every section all seminiferous tubules were counted. Additionally, tubules containing pachytene spermatocytes and round and/or elongated spermatids were counted and related to the total tubule counts of the testes. Epididymides were evaluated histologically with respect to the presence or absence of sperm.
Immunohistochemistry
Bouin-fixed and paraffin-embedded testes of B6;NMRI-Kit
Tg(TSPY) and B6;NMRI-Kit W-v /Kit W-v males aged 4.5, 15.5, and 30.5 days were cut into 3-lm sections. Apoptosis detection by the TUNEL method was performed with the ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Millipore Corporation, Billerica, MA) according to the manufacturer's protocol. Immunohistochemical staining was performed with rabbit polyclonal Cleaved Caspase-3 antibody (Asp175) (9661; Cell Signaling Technology, Danvers, MA) for apoptosis detection and with rabbit monoclonal Ki-67 antibody (Clone SP6, RM-9106; Thermo Scientific, Fremont, CA) for detection of cell proliferation. The MKI67 protein is not detectable in cells of the G 0 phase or during early G 1 phase of the cell cycle [30] . Three-micrometer sections were deparaffinized and treated using an antigen retrieval procedure (boiling in 10 mM sodium citrate [pH 6] in a microwave for 20 min). For inactivation of the endogenous peroxidase, the slides were incubated in 3% H 2 O 2 solution for 10 min. Blocking was performed with 6% normal goat serum in 1% bovine serum albumin 13 PBS for 1 h. The primary antibody was incubated overnight at 48C in dilution ratios of 1:80 for Cleaved Caspase-3 antibody and 1:100 for Ki-67 antibody in blocking solution. After washing, the slides were incubated with a biotinylated anti-rabbit immunoglobulin G (Vectastain Elite ABC Kit; Vector Laboratories, Burlingame, CA) as secondary antibody in a 1:250 dilution ratio in blocking solution for 30 min at room temperature. To enhance the signal, incubation was performed with rabbit-PAP (Cytomation; DAKO, Glostrup, Denmark) in a 1:200 dilution ratio in blocking solution for 30 /þ and wild-type females for at least 3 mo in order to check fertility of the males. After matings, all females were euthanized and dissected in order to examine for any signs of pregnancy.
Statistical Analysis
Statistical analyses of the data were performed using the SPSS statistical program (SPSS 11.0 for Windows; SPSS Inc., Chicago, IL). Student t-test, Pearson v 2 test, and Fisher exact test were applied. Differences were considered significant at P , 0.05 and highly significant at P , 0.01. (Table 1) , and in most cases only one of both testes of each animal was influenced, whereas the other one revealed the immature KITdeficient testicular phenotype (Fig. 1) To determine whether TSPY testicular transcription and splicing followed the human pattern in the testes of adult KITdeficient mice, two TSPY-specific primers from exon 1 (TDGEX2.3) and exon 6 (TD-2.2), which cover the complete open reading frame of the human transgene, were applied in RT-PCR analyses using poly-dT-primed testicular cDNA of an adult TSPY transgenic KIT-deficient male as a template. The amplified RT-PCR products were cloned and sequenced. Besides five full-length clones in which inserts were spliced according to the pattern of the predominant transcript TSPY major , six additional splice variants were identified in the testes of B6;NMRI-Kit W-v /Kit W-v Tg(TSPY) males. Four of these transcripts (exon 1A, exon 1B, exon 1C, and type 1 transcript with an unspliced intron 3) were previously observed in human [11] and TSPY transgenic mice [28, 35] testes, and most of them (exon 1A, exon 1B, and exon 1C transcripts) would lead to shortened TSPY isoforms containing at least part of the cyclin B binding SET/NAP domain [14] . Two splice variants were novel and were identified only in testes of KITdeficient males. One truncated transcript harbored an inframe deletion of 33 amino acids after amino acid residue 95 in combination with a deletion of 7 bp at the exon3/exon4 border between positions 672 and 680, and the use of an alternative splice acceptor site located 27 bp upstream of exon 5, which leads to a frameshift of the TSPY-specific open reading frame after residue 224. The respective putative peptide would carry the cyclin B binding domain of TSPY. Another shortened variant showed a deletion of 583 nucleotides between positions 215 (exon 1) and 797 (exon 4), which destroyed the TSPYspecific open reading frame after amino acid residue 71. The functional relevance of these variants for spermatogenesis remains to be investigated.
RESULTS
Histological Analyses of Testes and Epididymides
To identify the TSPY-expressing germ cell types within the testis of KIT-deficient males, we performed TSPY immunostaining using a TSPY-specific polyclonal antiserum (837/3) [2] , which was raised against the N-terminal part of TSPY. The transgene protein is specifically expressed in spermatogonia and to a lesser extent in primary spermatocytes in testes of B6;NMRI-Kit W-v /Kit W-v Tg(TSPY) males (Fig. 2) , consistent with previous reports in human [2] and transgenic [28, 35, 36] testes. W-v male (C-E) mouse. Specificity of the staining was shown by blocking 837/3 with excess recombinant TSPY protein (B and D). Sections were counterstained with hematoxylin. TSPY is specifically immunostained in spermatogonia and primary spermatocytes in the TSPY transgenic KIT-deficient testis, primarily in the cytoplasm and to lesser extent in the nucleus of the respective cells. A) TSPY immunostaining of a seminiferous tubule at stage VIII according to the classification by Oakberg [36] , with preleptotene spermatocytes specifically immunostained for TSPY. Unspecific immunostaining of Leydig cells and the acrosome of round spermatids is shown, as these cell types were also stained in the protein-blocked control (B, for Leydig cells) and in nontransgenic mice (E, for the acrosome of round spermatids). Original magnification 3200. tubular cells (Table 3 ). In order to analyze testicular apoptosis of B6;NMRI-Kit W-v /Kit W-v Tg(TSPY) and B6;NMRI-Kit W-v / Kit W-v males in postnatal development, we performed immunostaining with a cleaved caspase-3 antibody, as well as TUNEL assay. We observed no significant association of the TSPY transgene with reduced or elevated rates of apoptotic germ cells in KIT-deficient testes in postnatal stages at 4.5-30.5 dpp (Table 3) .
DISCUSSION
The function of TSPY in germ cell development is still unknown. It is hypothesized that TSPY acts as a proliferation factor of germ cells in embryonic, subadult, and adult testes. This hypothesis is founded on various observations. The topology of TSPY expression in testicular germ cells points to a function of TSPY in spermatogonial proliferation [1, 2] . Ectopic expression of TSPY in transiently transfected HeLa cells stimulates cell cycle progression due to a shortened G2/M transition and leads to an up-regulation of genes involved in cell growth and proliferation and to a repression of proapoptotic genes and cell growth inhibitors [37] . Recent in vitro and in vivo studies in TSPY transiently transfected human HEK293 cells showed that the potential effect of TSPY on cell cycle progression is presumably mediated by its interaction with the cyclin B-CDK1 complex [14] . At present, no suitable animal model is available to study the putative cell cycle regulatory functions of TSPY on testicular germ cell development. We have previously generated a TSPY transgenic mouse model in which the organization and expression of the human TSPY transgene follow almost exactly the human pattern but in which spermatogenesis is not positively or negatively affected by the transgene [28] . This animal model was applied in the present study to investigate the effect of the human TSPY transgene on the survival of germ cells in KIT-deficient testes of TSPY transgenic B6;NMRI-Kit W-v /Kit W-v mice. Kit W-v mutant mice with a C57BL/6J background have a point mutation in the cytoplasmic region of the tyrosine kinase-type receptor KIT (p.Thr660Met) that impairs the kinase activity of the KIT receptor and leads to a loss-of-function phenotype in homozygous mutant mice [38] . Kit W-v /Kit W-v mice are viable but sterile due to an almost complete lack of testicular germ cells [39] . As the genetic background may influence the phenotype [35] (Table 3) and rather point to a potential role of TSPY in early fetal germ cell development. The KIT receptor is expressed on PGCs, and the KIT/KITL system has been found to be involved in the migration, proliferation, and survival of PGCs during embryonic development [40] [41] [42] [43] [44] [45] . Homozygous Kit W-v males show drastically reduced numbers of PGCs in the genital ridges, but a small number of early germ cells survived until birth. Few data are available on the expression of human TSPY in fetal testis. Human TSPY is expressed in fetal germ cells (gonocytes and prespermatogonia [1, 22] ) in testes at gestational ages of 15-40 wk, but earlier stages have not been examined so far. We have shown that TSPY is expressed in gonocytes and prespermatogonia in TSPY transgenic mice testes at the embryonal stages of 13.5-17.5 dpc (Schöner and Schubert, unpublished results). Whether TSPY is expressed in PGCs in genotypic human males or in TSPY transgenic mice has not yet been elucidated. The observed partial rescue of the KITdeficient testicular phenotype could also be caused by a putative function of TSPY on the survival and/or proliferation of PGCs, gonocytes, and/or prespermatogonia in male embryonic mice, and further studies are needed to investigate such TSPY effects. Another possibility of how TSPY could rescue spermatogenesis of KIT-deficient males is by its interaction with the translation elongation factor EEF1A [19] . One may speculate that the human transgene stimulates and/or enhances the translation of other proliferative and/or apoptosis-suppressing factors and thereby rescues the fertility of B6;NMRI-Kit 
